Introduction
============

Distal lung metastasis is often found in patients with advanced triple negative breast cancer, in which relapse is quite common when compared to estrogen receptor positive breast cancer [@B1]. Many consider lung metastasis as the terminal stage of different cancer types; it can be treated by neither conventional chemotherapy nor radio-therapeutic approaches due to the resistance of metastatic tumors. Breast cancer metastasis frequently involves many different organs, such as bone, lung, and brain; treatment options, like hormone therapy, are prevalent for receptor positive breast cancer sub-types, whereas palliative chemotherapy is the only option for receptor negative breast cancer. However, chemotherapy is not a promising therapeutic option for treatment of metastatic breast cancer. Gene therapy methods are identified as potential alternative therapeutic strategies for treating various cancers, including breast cancer metastasis.

Suicide gene therapy or Gene-Directed Enzyme Prodrug Therapy (GDEPT) involves an enzyme that selectively converts a nontoxic prodrug into an active cytotoxic drug and eventually kills the cells that harbor an active enzyme-coding gene. Suicide gene therapy combinations such as HSV1-sr39TK/GCV and NTR/CB1954 are well established and have reached clinical trials [@B2]-[@B5]. NTR enzyme converts the nontoxic prodrug CB1954 (5-(aziridin-1-yl)-2,4-Dinitrobenzamide) into its active cytotoxic form (5-(aziridin-1-yl)-4-hydroxylamino-2-nitrobenzamide), which creates DNA inter-strand crosslinks that are poorly repaired by cells [@B6], whereas HSV1-sr39TK phosphorylates GCV to GCV-monophosphate and subsequently into GCV-triphosphate by host cellular kinases, which in turn cause premature DNA chain termination and apoptosis [@B7]. Another GDEPT system, the cytosine deaminase/5-flurocytosine (CD/5-FC) has been widely investigated to treat various cancer types. CD/5-FC GDEPT involves 5-flurocytosine as prodrug and 5-fluorouracil as final cytotoxic substance causing cell death by interfering with RNA processing or DNA synthesis. The CD/5-FC system exerts toxic effect only to cells expressing cytosine deaminase; therefore, it circumvents the systemic toxicity common to 5-FU. NTR/CB1954 and CD/5-FC systems have more bystander effect [@B8], [@B9] when compared to an HSV1-sr39TK/GCV system [@B10] due to the diffusive nature of their drug metabolites.

Because of the promising therapeutic value of GDEPT system, with minimal toxicity to non-target organs, several attempts have been made to increase the potency by combining it with other therapeutic systems. HSV1-sr39TK has induced pronounced cell death when co-expressed with caspase-3 in ovarian carcinoma cells, and lead to anti-tumor immunity and tumor regression of subcutaneously implanted murine colon carcinoma [@B11], [@B12]. NTR was also shown to have pronounced cell death against TRAMP cell lines when co-expressed with murine granulocyte macrophage colony-stimulating factor (mGM-CSF) [@B13]. Dual suicide gene therapy method is one of several approaches; enhanced the therapeutic effect compared to each of the respective GDEPT systems used independently. The expression of CD fused with uracil phosphoribosyltransferase (CD/UPRT) enhanced the conversion of 5-FC to 5-FU and then to active metabolites that inhibit DNA and RNA synthesis, showing enhanced therapeutic effect with significant bystander effect in adenoviral transduced colon cancer *in vivo* in mice [@B14], [@B15]. The expression of CD/HSV1-sr39TK fusion gene has shown significant enhancement in metabolic suicide and radio-sensitivity of glioma cells [@B16], [@B17]. Further, CD/HSV1-sr39TK bi-fusion showed enhanced cytotoxic effect when additionally fused with an adenovirus death protein (ADP) gene [@B18].

We recently reported the enhanced therapeutic effect of HSV1-sr39TK-NTR fusion with GCV-CB1954 prodrug combination, which target two different mechanisms, such as premature termination of DNA synthesis (HSV1-sr39TK/GCV) and inter-strand crosslinking by DNA alkylation (NTR/CB1954), in different cancer cells *in vitro*and *in vivo* in mice via molecular imaging [@B19], [@B20]. In the present study, we show the therapeutic potential of GCV and CB1954 prodrug combination on triple negative metastatic breast cancer, specifically localized in the lungs, and compare its effect with HSV1-sr39TK/GCV and NTR/CB1954 prodrug GDEPT systems by theranostic imaging. Bioluminescence-based optical imaging and \[^18^F\]-FHBG microPET imaging were used to assess the therapeutic value of HSV1-sr39TK-NTR fusion in living animals.

Materials and Methods
=====================

Plasmid vectors
---------------

The cloning vectors used in this study, expressing bacterial nitroreductase gene (NTR2), mutant HSV1-thymidine kinase (HSV1-sr39TK), HSV1-sr39TK-NTR-fusion, and Fluc-EGFP fusion constructs were from our plasmid bank (Cellular Pathway Imaging Laboratory, Stanford). Plasmid extraction, DNA gel extraction, and genomic DNA extraction kits were purchased from Qiagen (Valencia, CA, USA).

Cell culture
------------

Cell culture reagents, including culture media, fetal bovine serum (FBS), antibiotics (streptomycin and penicillin), and Lipofectamine 2000 transfection reagent were purchased from Invitrogen (Carlsbad, CA, USA). MDA-MB-231 cell line (ATCC HTB-26) was purchased from American Type Culture Collection (Manassas, VA, USA). Cells were tested for pathogens by VSC diagnostic lab, Stanford University. MDA-MB-231 cell line was cultured in Dulbecco\'s Modified Eagle\'s Medium supplemented with 10% FBS and 1% penicillin-streptomycin.

Stable cell lines
-----------------

To make MDA-MB-231 stable cell lines, modified pcDNA3.1 (PURO) vectors expressing HSV1-sr39TK, NTR, or HSV1-sr39TK-NTR fusion proteins and lentivirus expressing Fluc-EGFP fusion proteins were used. Initially we created MDA-MB-231 cells stably expressing HSV1-sr39TK, NTR, or HSV1-sr39TK-NTR fusion by puromycin antibiotic selection (100 ng/ml). Clones of cells expressing near equal level of each enzyme (assessed by RT-PCR) were used for further transduction with lentivirus expressing Fluc-EGFP to co-express both therapeutic gene and an imaging reporter gene. To control the level of Fluc-EGFP at near equal expression, cells were sorted by FACS in a similar window after transduction. MDA-MB-231 stable cells were maintained in puromycin stress throughout the study. Single colonies of stable cells were expanded and evaluated for the functionality of NTR enzyme by incubating with a CytoCy5S (red-shifted NTR substrate; GE Healthcare, Piscataway, NJ, USA) for the detection of emitted fluorescent signal and ^3^H-PCV uptake for HSV1-sr39TK. CytoCy5S (excitation 628 nm/emission 638 nm) was dissolved in DMSO to a stock concentration of 2 mg/ml. The substrate was used for all *in vitro* and *in vivo* experiments by diluting either in PBS or in cell culture medium. Cells containing luciferase and EGFP fusion constructs were screened by FACS. Clones expressing equivalent levels of NTR and HSV1-sr39TK (as measured by immunoblot analysis) were selected.

Immunoblot analysis
-------------------

To determine the expression levels of TK in cells transfected with HSV1-sr39TK and HSV1-sr39TK-NTR, immunoblot analysis using anti-TK-antibody was performed. Cells were lysed in 100 µl of RIPA lysis buffer (Pierce Biotechnology, Rockford, IL, USA), and 30 µg of total protein from stable MDA-MB-231 cells expressing HSV1-sr39TK, NTR, and HSV1-sr39TK-NTR, in 1X Lamelli loading buffer with β-mercaptoethanol (Life Technologies, Grand island, NY, USA), were heated at 95ºC for 5min, resolved using a 4-12% SDS-polyacrylamide gel electrophoresis gradient gel (Invitrogen, Carlsbad, CA, USA), and electroblotted onto a 0.2 µm pore size nitrocellulose membrane (Schleicher & Schuell, Keene, NH, USA). The membrane was blocked with 5% non-fat dry milk in Tris-buffered saline containing 0.01% Tween-20 (TBS-T, pH 7.6) for 1h and probed overnight at 4ºC on a rotating platform with the rabbit anti-human TK polyclonal antibody followed by incubation with peroxidase conjugated goat-anti rabbit IgG antibody (1:10,000 dilution, Rockland Immunochemicals, Gilbersville, PA, USA). The membranes were then re-probed with a mouse monoclonal antibody against human GAPDH (1:3,000, Novus Biologicals, Littleton, CO) to control for protein loading. Immunoblots were developed using the LumiGlo enhanced chemiluminescence method (Cell Signaling, Boston, MA, USA), following manufacturer\'s instructions using IVIS-Lumina imaging system (Caliper Life Sciences, MA, USA).

^3^H-Penciclovir (PCV) uptake assay
-----------------------------------

Quantitative evaluation of the functional effect of TK in cells stably transfected with HSV1-sr39TK, and HSV1-sr39TK-NTR fusions was performed by ^3^H-Penciclovir uptake assay as described in Sekar et al., 2012 [@B20]. Briefly, MDA-MB-231 cells stably expressing HSV1-sr39TK, NTR, and HSV1-sr39TK-NTR along with control cells were plated (2 X 10^5^ cells per well) in 12-well plates. Twenty-four hours after plating, cells were treated with 0.5 µCi of 8-^3^H-Penciclovir (specific activity 14.9 Ci mmol^-1^; Moravek Biochemicals, La Brea, CA, USA). After 3 h of incubation at 37ºC with 5% CO~2~, cells were washed twice with ice-cold PBS and lysed in 0.5 ml of 0.1N NaOH, analyzed by scintillation counter by adding 10 ml of cytoscint scintillation cocktail solution (Fisher Scientific, USA). The radioactivity readings were normalized to protein concentrations measured from a 20 µl aliquot of cell lysates.

Fluorescence-activated cell sorting (FACS) analysis for CytoCy5S uptake in cells expressing NTR
-----------------------------------------------------------------------------------------------

MDA-MB-231 cells were seeded in 10 cm culture plates to 60 - 70% confluency and transfected with plasmids expressing HSV1-TK, NTR, and HSV1-sr39TK-NTR after overnight incubation. After 24 h of further incubation, cells were treated with CytoCy5S (100 ng ml^-1^) dye for 1h and subjected to FACS analysis. Cells expressing NTR and HSV1-sr39TK-NTR were sorted using CytoCy5S reduction signal and maintained for further studies.

Fluorescence-activated cell sorter (FACS) for PI based apoptosis analysis
-------------------------------------------------------------------------

Stable MDA-MB-231 cells were seeded in 12-well culture plates and grown to 30-40% confluency, followed by 72 h treatment with various concentrations of GCV and CB1954 in various combinations (1 μg/ml GCV, 5 μM CB1954, 10 μM CB1954, 1 μg GCV+5 μM CB1954, 1 μg GCV+10 μM CB1954); untreated MDA-MB-231 cells were used as control. For a time course study, 1 μg of GCV+10 μM CB1954 was administered to cells that were observed for 5 days. Cells were trypsinized, washed, and analyzed for dead or apoptotic cells by staining with propidium iodide (15 nM) for 15 min, followed by flow cytometry (FACS Aria III, BD Biosciences, San Jose, CA, USA) at the Stanford FACS Facility. Data were analyzed by FlowJo FACS analysis software (Tree Star, Ashland, OR, USA). GCV and CB1954 were purchased from Sigma-Aldrich (St Louis, MO, USA).

Tumor xenograft studies and imaging
-----------------------------------

The Institute Animal Research Committee at Stanford approved all animal handling. All animals (CD1, nude) were purchased from Charles River Laboratories (Wilmington, MA, USA). The mice (N = 5 per treatment group) were intravenously injected with 1X10^5^ MDA-MB-231 triple-negative breast cancer cells (200 µl in 2 min injections), stably co-expressing HSV1-TK-NTR and Fluc-EGFP fusion proteins, and allowed to establish metastatic tumors primarily in lungs. Animals were optically imaged by IVIS spectrum (IVIS-Spectrum Imaging System, Caliper Life Sciences, MA), followed by D-luciferin substrate injection every alternative day until desirable metastatic tumor was detected. Mice were divided into three groups, and treated with (1) GCV (40 mg/kg body weight), (2) CB1954 (40 mg/kg body weight) and (3) CB1954 (40 mg/kg) and GCV (40 mg/kg body weight), with two doses of prodrugs administered spaced 5 days apart. Drugs were given intraperitoneally by mixing 10% of PEG400 in 250 µl volume with sterile physiological saline. All animals were imaged before drug treatment to obtain a baseline image by optical CCD camera. The animals were imaged by an optical imaging camera on a daily basis following treatment initiation, and both the imaging and treatment continued for 10 days before the metastatic tumor grew to a level lethal to animal.

Positron Emission Tomography imaging and image analysis
-------------------------------------------------------

Positron Emission Tomography/Computed tomography (PET/CT) imaging was performed prior to, and 9 days post, initiation of therapy with \[^18^F\]-FHBG. \[^18^F\]-FHBG, a PET reporter probe for imaging the PET reporter genes, HSV1-TK and its mutant HSV1-sr39tk, is currently undergoing clinical evaluation [@B21]. In each imaging session, mice were anesthetized with 2% isoflurane in oxygen at 2 L/min, and 7.4 - 8.9 MBq of \[^18^F\]-FHBG in 200 μl was intravenously injected via tail vein. Five-minute static PET scans were performed 3 hours after injection by using a micro-PET/CT (1.4-mm resolution, Inveon; Siemens, Malvern, PA, USA) preceded by CT scans for anatomic reference. Volumes of interest (VOIs) were drawn using the image analysis software IRW (Siemens). VOIs were drawn for lung tumors based on the CT scan and centered on the activity profile peak. Data (%ID/g) was corrected for partial volume effect and spillover [@B22] using calibration factors obtained from scanning a cylinder containing phantoms of different sizes.

TUNEL assay
-----------

The tumor xenografts of MDA-MB-231 cells expressing various combinations of therapeutic reporter genes (NTR, HSV1-sr39TK HSV1-sr39TK-NTR), after treatment or co-treatment with GCV and CB1954, were used for assessing the prodrug-induced therapeutic effects by visualizing apoptotic cells. For this, a portion of the tumor was frozen in OCT (TissueTek) and sectioned to 10 µm by a Cryomicrotome (Leica CM1850, Wetzlar, Germany). A terminal deoxynucleotidyltransferase (TdT) nick-end labeling (TUNEL) assay was performed with a Trevigen TACS 2 TdT-DAB (diaminobenzidine) *in situ* Apoptosis Detection Kit (TREVIGEN, Gaithersburg, MD, USA) according to the manufacturer\'s instructions. After staining, the slides were scanned in a Nanozoomer 2.0RS (Hamamatsu, Japan) digital scanner and assessed for diaminobenzidine staining of apoptotic cells using Nanozoomer Digital Pathology software.

Histology
---------

Tumor xenografts were frozen in OCT cryoprotective fixing medium, sliced at 5 µm thickness by Leica cryomicrotome. Sections were stained by undiluted hematoxylene (Sigma-Aldrich, USA) for two minutes, rinsed in running water, and differentiated in 1% HCl acid/alcohol for 30 sec. They were then washed and immersed into Bluing solution (Fisher, USA) for 1 min, washed in running water and rinsed in 10 dips of 95% alcohol. After this, slides were counterstained in eosin by dipping into 1:5 ethanol-diluted Eosin solution (Fisher) for a total of less than 30 sec, and dehydrated through 95% alcohol, absolute alcohol, and xylene for 5 minutes each. Slides were mounted with xylene based mounting medium (Permount, Sigma) and imaged by Nanozoomer (Hamamatsu, Japan) digital slide scanner.

Results
=======

Functional characterization of MDA-MB-231 stable cells expressing NTR and HSV1-sr39TK-NTR fusion proteins by CytoCy5S fluorescent assay
---------------------------------------------------------------------------------------------------------------------------------------

In order to prove the functional efficacy of MDA-MB-231 cell lines stably expressing the NTR gene (NTR and HSV1-sr39TK-NTR), actively growing stable cell lines plated on top of a sterile cover slip in six well plates were exposed to an NTR substrate (1 ng/ml), the Cytocy5S dye for 3 h and observed for Cy5 signal under fluorescent microscope. Cytocy5S is the substrate of nitroreductase enzyme, which catalyzes the conversion of Cytocy5S into the reduced form of Cytocy5S. Reduced CytoCy5S, a red-shifted fluorescent dye, is retained by mammalian cells and further acts as non-toxic imaging agent of the NTR enzyme. MDA-MB-231 cells expressing NTR and HSV1-TK-NTR fusion proteins showed fluorescent signals with Tx-Red filters while controls and cells expressing HSV1-TK-alone showed no fluorescent signals (**Figure [1](#F1){ref-type="fig"}A**). Furthermore, MDA-MB-231 stable cells plated in six well plates exposed to 1 ng/ml of CytoCy5S for 3 hrs were subjected to FACS analysis to ascertain the functionality of NTR and HSV1-sr39TK-NTR fusion proteins. NTR and HSV1-sr39TK-NTR expressing MDA-MB-231 stable cells showed higher Cy5 signal due to reduced CytoCy5S accumulation. In contrast, the control and HSV1-sr39TK expressing MDA-MB-231 cells did not show any fluorescent signals. MDA-MB-231 HSV1-sr39TK-NTR stable cells showed a log order higher signal compared to NTR expressing MDA-MB-231 stable cells (**Figure [1](#F1){ref-type="fig"}B**).

Functional characterization of MDA-MB-231 stable cells expressing HSV1-sr39TK and HSV1-sr39TK-NTR fusion proteins by ^3^H-PCV uptake assay
------------------------------------------------------------------------------------------------------------------------------------------

We have performed ^3^H-PCV uptake assay to measure the functional efficiency of HSV1-sr39TK and HSV1-sr39TK-NTR expressing MDA-MB-231 cells. The HSV-sr39TK enzyme catalyzes the conversion of penciclovir (PCV) into penciclovir monophosphate, subsequently cellular TK enzymes phosphorylate monophosphate form of penciclovir into penciclovir triphosphate, which HSV1-sr39TK expressing mammalian cells use for DNA synthesis. The accumulation of penciclovir indirectly implies the functional efficiency of the HSV1-sr39TK enzyme expressed in cells. MDA-MB-231 stable cells expressing HSV1-sr39TK-NTR fusion protein showed \~80 fold higher ^3^H-PCV uptake compared to control MDA-MB-231 cells (17511 ± 1880 CPM/total Protein in HSV1-sr39TK-NTR cells vs 220 ± 21 CPM/total Protein in control cells), and MDA-MB-231 stable cells expressing HSV-sr39TK showed 1.2 fold lower ^3^H-PCV uptake than HSV1-sr39TK-NTR cells (**Figure [1](#F1){ref-type="fig"}C**).Functional characterization for the expression level of HSV1-sr39TK, NTR, and HSV1-sr39TK-NTR fusion proteins in MDA-MB-231 stable cells by qRT-PCR and immunoblot analysis

Besides the functional characterization of MDA-MB-231 stable cells with fluorescent microscopy, FACS, and ^3^H-PCV uptake assay, we did qRT-PCR and immunoblot analysis to show the level of HSV1-sr39TK and HSV1-sr39TK-NTR fusion proteins expressions in different MDA-MB-231 stable cells. To confirm the mRNA expression level of HSV1-TK, NTR and HSV1-TK-NTR fusion proteins, we performed quantitative PCR analysis. Amplicon sizes of HSV1- sr39TK and NTR specific primers were confirmed and mRNA expression of NTR in MDA-MB-231 stable cells expressing NTR and HSV1-sr39TK-NTR fusion proteins and TK in HSV1-sr39TK and HSV1-sr39TK-NTR expressing MDA-MB-231 cells were found to be similar (**Figure [1](#F1){ref-type="fig"}D**). PCR primers designed to amplify specifically NTR and HSV1-sr39TK were used for qRT-PCR analysis (**Table [1](#T1){ref-type="table"}**). HSV1-sr39TK specific antibody detected protein bands of 42 and 65kDa in MDA-MB-231 stable cells expressing HSV1-sr39TK and HSV1-sr39TK-NTR fusion proteins respectively. The results also further confirmed the near equal level of protein expression in HSV1-sr39TK and HSV1-sr39TK-NTR expressing MDA-MB-231 cells. Control MDA-MB-231 cells, and NTR expressing MDA-MB-231 cells did not show any protein bands of respective sizes (**Figure [1](#F1){ref-type="fig"}E**).

GCV and CB1954 dose dependent cell death in MDA-MB-231 cells stably expressing HSV1-sr39TK, NTR, or HSV1-sr39TK-NTR fusion protein
----------------------------------------------------------------------------------------------------------------------------------

Different concentration and combinations of GCV and CD1954 were evaluated for optimization of their cytotoxic effect versus MDA-MB-231 cells stably expressing HSV1-sr39TK, NTR, and HSV1-sr39TK-NTR fusion proteins. We chose various concentrations of GCV and CB1954 and their combinations (1μg/ml), CB1954 (1, 5 and 10 µM), and combinations (GCV 1μg/ml + CB1954 1 µM, GCV 1 μg/ml + CB1954 5 µM, and GCV 1 μg/ml + CB1954 10 µM). MDA-MB-231 cells were harvested 72 h post-treatment, stained with propidium iodide (PI) and subjected to FACS analysis. MDA-MB-231 cells treated with similar concentrations of GCV and CB1954 were used as control. The results showed no cell death from MDA-MB-231 control cells after being treated with various concentrations of prodrugs used for the study. HSV1-sr39TK expressing cells showed 23.6, 23.4, 24.1, and 26.5% cell death with the treatment of GCV 1 μg/ml, GCV 1 μg/ml + CB1954 1 µM, GCV 1 μg/ml + CB1954 5 µM, and GCV 1 μg/ml + CB1954 10 µM concentrations respectively. MDA-MB-231 cells expressing NTR induced 7.78, 13.8, 14.7, 8.57, 12.9, and 13.5 % cell death with CB1954 1 µM, CB1954 5 µM, CB1954 10 µM, GCV 1 μg/ml + CB1954 1 µM, GCV 1 μg/ml + CB1954 5 µM, and GCV 1 μg/ml + CB1954 10 µM concentrations respectively. MDA-MB-231 cells expressing HSV1-sr39TK-NTR fusion showed 28.8, 8.62, 9.91, 12.4, 24.2, 53.5, and 71.4% cell death when treated with GCV 1 µM, CB1954 1 µM, CB1954 5 µM, CB1954 10 µM, GCV 1μg/ml + CB1954 1 µM, GCV 1μg/ml + CB1954 5 µM, and GCV 1 μg/ml + CB1954 10 µM concentrations respectively (**Figure [2](#F2){ref-type="fig"}A**). HSV1-sr39TK-NTR expressing MDA-MB-231 cells showed 2.7 and 5.2 fold more cell death with the co-treatment of GCV and CB1954 (GCV 1 μg/ml + CB1954 10 µM concentration) when compared with HSV1-TK and NTR alone expressing cells respectively.

The effect of GCV and CB1954 combination treatment in MDA-MB-231 cells stably expressing HSV1-sr39TK, NTR, and HSV1-sr39TK-NTR fusion proteins over time
--------------------------------------------------------------------------------------------------------------------------------------------------------

The GCV and CB1954 combination with a concentration of GCV 1 μg/ml + CB1954 10 µM for 72 hrs induced maximum cell death (\~72%) in MDA-MB-231 cells expressing HSV1-sr39TK-NTR fusion protein. This particular concentration of drugs was further evaluated for its time dependent cell killing effect in MDA-MB-231 cells stably expressing HSV1-sr39TK, NTR, or HSV1-sr39TK-NTR fusion protein for over 5 days. The stable cells seeded in 12 well culture plates to a confluency of 30% (5 X 10^4^/well) were exposed to GCV 1 μg/ml + CB1954 10 µM 24 hours after cell plating. Cells were harvested every day and fixed with ethanol consecutively for 5 days for FACS analysis. PI stained cells were FACS analyzed, and the data showed significant cell death from 3 days onwards of post-drug treatment. MDA-MB-231 control cells and MDA-MB-231 cells stably expressing HSV1-sr39TK, NTR, and HSV1-sr39TK-NTR fusion proteins induced 5.54, 34.6, 8.19, and 40.2 % of cell death, respectively, 3 days post-treatment and 14, 70.3, 18.7, and 88 % cell death 5 days post-treatment (**Figure [2](#F2){ref-type="fig"}B**).

Evaluation of the potential of HSV1-TK-NTR-fusion in dual prodrug cancer therapy in lung metastatic lesions of MDA-MB-231 triple negative breast cancer in mice by optical bioluminescence imaging
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

MDA-MB-231 cells stably co-expressing HSV1-sr39TK-NTR and Fluc-EGFP fusion proteins were used to develop a lung-metastatic, nude mice model. MDA-MB-231 stable cells (1 X 10^5^) in 200 μl were injected into nude mice intravenously through the tail vein and allowed to establish metastatic tumors. Implanted mice were monitored for metastatic tumor formation by Fluc-based optical bioluminescence imaging in either position (prone and supine) of the animals. Nude mice with metastatic tumors were divided into four groups for prodrug combination treatment (GCV and CB1954). The first group received equal volumes of solvents; the second group received 40 mg/kg of GCV, the third group, a combination of GCV (40 mg/kg) and CB1954 (40 mg/kg), and the fourth group with 40 mg/kg of CB1954. Each group of animals received two doses of drugs at 5-day intervals. Fluc-based optical imaging was performed daily, following the first administration of drugs. Figure [3](#F3){ref-type="fig"} shows the optical imaging of control group, GCV, CB1954, and combination of GCV and CB1954 **(Figure [3](#F3){ref-type="fig"}A-D)** treated animals up to day 9, post-drug treatment. Fluc signal from the GCV + CB1954 combined group completely disappeared on day 9 **(Figure B (top) and D),** and the GCV-treated animal group showed significant amounts of Fluc signal reduction from day 7 onwards, indirectly showing metastatic tumor regression **(Figure A (lower) and C)**. The CB1954-treated animal group did not show any tumor regression **(Figure [3](#F3){ref-type="fig"}B (lower))**. The control group showed significant increase by day 9 **(Figure [3](#F3){ref-type="fig"}A (top)).**

Theranostic PET/CT Imaging shows efficient therapeutic potential by GCV/CB1954 prodrug therapy in MDA-MB-231 metastatic tumor expressing HSV1-sr39TK-NTR fusion in mice
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

We implanted MDA-MB-231 cells stably co-expressing HSV1-sr39TK-NTR and Fluc-EGFP fusions into nude mice, as described earlier, in order to induce lung-metastatic breast cancer. Animals were subjected to optical and microPET/CT imaging prior to GCV + CB1954 treatment and 9 days post-drug treatment. Optical imaging was done on days 0, 1, 4, 7, and 9, and the imaging signals were compared. Fluc signal was significantly lower in animal groups treated with GCV + CB1954 on day 4, and drastically dropped down by day 9 (**Figure [4](#F4){ref-type="fig"}A, B & D**), while Fluc signal in the control animal group was constantly increasing over time (**Figure [4](#F4){ref-type="fig"}A, B & C**). MicroPET/CT imaging of animals before treatment with the GCV+CB1954 combination by \[^18^F\]-FHBG, the substrate for HSV1-sr39TK, showed clear metastatic nodules in the lungs of the mice, which was similar to what we observed in the control group. In contrast, at nine days post treatment, the animals which received two doses of the GCV + CB1954 combination showed complete clearance of tumor nodules (Note: The treatment was not only effective for the removal of lung nodules, it also effectively removed a tumor found in the abdominal cavity in one animal). In the control group, even though microPET imaging did not show clear tumor nodules because of its low sensitivity, the optical imaging clearly confirmed for the presence of tumors before treatment. Figure [4](#F4){ref-type="fig"}A shows, at 3 hours post-injection, typical accumulation of \[^18^F\]-FHBG in the gastrointestinal tract, gall bladder, and bladder [@B23], [@B24] in all mice, but did not interfere with discerning VOIs in the lungs of mice. Tumors were visible in 6/7 animals prior to therapy initiation and in 5/6 animals that survived therapy. Uptake in tumors of treated animals decreased from 2.86 ± 1.15 (n=3) to 0.99 ± 1.21 (n=3) %ID/g (p=0.05). Uptake in tumors of untreated animals increased from 1.18 ± 0.54 (n=3) to 4.24 ± 0.87 (n=3) (p\<0.001) **(Table [2](#T2){ref-type="table"})**. Tumors in treated animals not only showed decrease in \[^18^F\]-FHBG uptake, but also underwent shrinkage from approximately 3.5 mm to \<0.7 mm in diameter, while in untreated animals the tumor had grown from 2 mm to 3 mm (**Figure [4](#F4){ref-type="fig"}E**).

Histology and TUNEL staining
----------------------------

Lung metastatic samples from different groups were fixed in OCT fixative and sliced to a thickness of 5 μM and subjected to H&E and TUNEL staining to see the actual status of the metastatic tumor before and after GCV + CB1954 treatment. Lung-metastatic breast tumors completely disappeared in tissue slices from the drug-treated animal group, and tumors in the CB1954-alone treated animal group and untreated control groups were intact without any changes (**Figure [5](#F5){ref-type="fig"}A & B**).

Discussion
==========

Breast cancer metastasis is an advanced stage of breast cancer that differs from primary breast cancer in many aspects, like steroid receptor status, especially estrogen receptor (ER), progesterone receptor (PR), and Her2 positivity [@B25]. Drug resistance of metastatic breast cancer has been attributed to the change in receptor status, altered expression of MRP1, BCRP, and adenosine triphosphate-binding cassette (ABC) superfamily of transporters, PTEN and Bcl-2, and loss of DNA repair mechanisms [@B26]. Because of its heterogenic nature and drug resistance, metastatic breast cancer sub-types do not respond well to currently available chemotherapeutic regimens. Furthermore, treatment approaches and drug combinations need to be tailored to the particular metastatic phenotype; therefore, alternative treatment options targeting metastatic breast cancer, irrespective of its sub-type, is highly desirable [@B27]. GDEPT systems have been recognized as potential therapeutic methods to treat various cancer types because of their specificity and intrinsic bystander effect. Although a number of GDEPT systems have been developed, very few of them show promising therapeutic value. HSV1-TK/GCV, CD/5-FC, and NTR/CB1954 are well-established GDEPT systems being explored in clinical trials to use in real-time clinical settings.

Gene therapy with single enzyme/prodrug combinations targeting a single cellular mechanism need significant overexpression of the delivered therapeutic gene in order to achieve sufficient therapeutic response, a difficult feat in most gene delivery systems. Hence, to overcome this barrier, we recently developed a dual therapeutic reporter gene fusion that uses two different prodrugs targeting two cellular mechanisms to achieve effective therapy even with minimal expression of delivered transgenes. In addition, imaging therapeutic reporter genes offers additional information to correlate indirectly gene delivery, expression, and functional effects as a theranostic approach. GDEPT systems are potential treatment methods of metastatic cancers caused by various tumor types, if tumor targeting is established with viral vectors or nanoparticle-mediated delivery. As a first step towards developing an efficient enzyme prodrug combination, we identified such a combination that targets two different cellular mechanisms with significant bystander effect and that co-expressed in the nuclear compartment for efficient drug conversion and accessibility for DNA synthesis and intercalation. Further attempts are in progress to develop a targeted adeno-associated viral-gene delivery system in order to extend the use of this currently identified enzyme prodrug combination for metastatic tumor therapy in human. Attempts to investigate the therapeutic potency of GDEPT systems against devastating metastatic cancers are scarce. HSV1-sr39TK/GCV was investigated to treat lung-metastatic breast cancer, and lung-metastatic tumor burden diminished significantly after treating with GCV (10 mg/kg body weight) consecutively for 7 days [@B28]. In addition, the combination of NTR and GM-CSF therapeutic strategy were found to be effective in treating prostate cancer (TRAMP model), which induces metastasis after 24 to 30 weeks of age in mice [@B13]. Recently, we explored the therapeutic potential of HSV1-sr39TK and *E.coli* NTR-mediated double suicide gene therapy and showed that HSV1-sr39TK-NTR fusion is more efficacious than either system alone. In addition, Yu et al. studied the treatment efficiency of HSV1-sr39TK and NTR combinations in an hTERT-driven adenovirus vector against subcutaneously implanted breast cancer cell line, ZR-75-30, basically derived from metastatic breast cancer [@B29]. Significant levels of tumor growth reduction were observed when GCV (3.75 mg/kg) was injected consecutively for 4 days and CB1954 (80 mg/kg) for 2 days [@B29]. As HSV1-TK-NTR fusion showed enhanced therapeutic potential, we intended to explore whether HSV1-sr39TK-NTR fusion was able to cure metastatic breast cancer in a mice model of lung-metastatic breast cancer implanted with a triple negative breast cancer cell line, MDA-MB-231 co-expressing HSV1-sr39TK-NTR and Fluc-EGFP fusions. Even though we used tail vein injected lung metastatic model in this study, it is not similar to real metastatic tumors appear from a primary tumor in humans. However, various previous studies have shown that the gene expression profile of metastatic tumors derived from orthotopically implanted primary tumors are not significantly different from the one created by tail vein implantation [@B30]. In addition, the drug delivery, pharmacokinetic properties of drugs, and their mode of actions in this tumor are not significantly different from lung metastatic nodules derived primary tumors, hence we used this simple model for this study. To monitor the therapeutic value of HSV1-sr39TK-NTR/GCV-CB1954, we employed *in vivo* optical imaging, and µPET/CT imaging using \[^18^F\]-FHBG, a radioactive thymidine kinase specific tracer, selectively taken by cells expressing HSV1-sr39TK [@B31]. We administered GCV and CB1954 combinations twice, with an interval of 5 days apart, after lung-metastatic tumor establishment. Significant reduction of Fluc signal was observed 9 days after two doses of drug treatment in the animal group treated with GCV and CB1954 combination when compared with the animal group treated with the same quantity of either GCV or CB1954 alone. HSV1-sr39TK/GCV in combination with GM-CSF and IL-2 proved to be an highly efficacious GDEPT system to treat lung-metastatic breast cancer [@B32]; however, it confers little bystander effect when compared with NTR/CB1954 and HSV1-TK-NTR/GCV+CB1954 GDEPT systems [@B20]. Therefore, HSV1-sr39TK-NTR fusion-based double-suicide gene therapy may be a promising therapeutic system in a clinical setting. Although further studies are needed, HSV1-sr39TK-NTR fusion in combination with GM-CSF and IL-2 may append further therapeutic potential to the HSV1-sr39TK-NTR double-suicide gene therapy system.

By achieving uniform expression of therapeutic genes and the use of optimal concentration of prodrugs in this study, we were able to achieve higher level of therapeutic index with the use of both GCV and CB1954 as combination. Even though previous studies have shown the efficiency of HSV1-TK/GCV system, most studies used cells heterogeneously express varying levels of the transduced therapeutic gene under a variety of expression cassettes. Jang et al reported that C6-TL cells expressing HSV1-TK was able to show 65% of cell death when treated with 10 μM GCV in vitro in cell culture, while GCV dose of 50 mg/kg body weight once daily for 7 days was able to reduce tumor volume in animals [@B33]. But in this study the tumors started growing again after the completion of GCV therapy. Similarly, HSV1-TK transduced by a Cre-LoxP based targeted lenti- viral system was able to achieve 87.23% of apoptosis in response to 20 μg/ml of GCV treatment for 96 h [@B34]. HSV1-TK/GCV therapy system was evaluated by another study to treat Epstein - Barr virus associated cancer. HSV1-TK (pVLTR-TK) expressed in EBV-LMP1 positive nasopharyngeal squamous carcinoma cells showed 20% apoptosis when treated cells with 200 µg/ml of GCV [@B35]. In contrast to these findings, the present study showed 23% of apoptosis in MDA-MB-231 cells expressing HSV1-TK in response to 1 μg/ml of GCV treatment for 72 h and 71.4% of apoptosis in HSV1-TK-NTR expressing MDA-MB-231 cells with 1 μg/ml GCV + 10 μM CB1954 for 72 h. These results clearly showed that HSV1-TK-NTR fusion induces high percentage of cytotoxicity with the use of low doses of dual prodrugs (GCV and CB1954).

In summary, we showed the enhanced therapeutic potentials of the HSV1-sr39TK and *E.coli* NTR-fused double-gene therapy system in a triple negative and metastatic breast cancer mouse model when compared with either the HSV1-sr39TK or NTR systems alone. Metastatic breast cancer was completely uprooted in 9 days after just two doses of GCV and CB1954 combined drug treatment; however, tumor recurrences need to be addressed. Furthermore, the TK-NTR fusion GDEPT system would be a promising gene therapy strategy provided that tumor targeting and selective delivery system can be achieved.
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C3 - post-treatment.
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T3 - pre-treatment.
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**A**. Microscopic images of MDA-MB-231 stable cells expressing HSV1-sr39TK, NTR and HSV1-sr39TK-NTR fusion 3 h after exposure to CytoCy5S, a quenched fluorescent substrate of NTR. Left panel shows bright field images and right panel shows the fluorescent microscopic images of stable cells entrapping reduced CytoCy5S dye. **B**. FACS histogram overlay of MDA-MB-231 HSV1-sr39TK, NTR and HSV1-sr39TK-NTR stable cells treated with CytoCy5S dye. **C**. Graph shows ^3^H-PCV uptake of MDA-MB-231 stable cells expressing HSV-sr39TK, NTR and HSV-sr39TK-NTR fusion proteins. **D**. Quantitative RT-PCR analysis of MDA-MB-231 stable cells expressing HSV1-sr39TK, NTR and HSV1-sr39TK-NTR fusion shows nearly equal level of mRNA expression for stably transfected HSV1-sr39TK, NTR, HSV1-sr39TK-NTR fusion. **E**. Immunoblot analysis shows the expression of HSV1-sr39TK and HSV1-sr39TK-NTR fusion protein stained with TK specific antibody.
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**A**. FACS analysis of MDA-MB-231 stable cells expressing HSV1-sr39TK, NTR and HSV1-sr39TK-NTR fusion proteins treated with various concentrations and combinations of GCV, CB1954 for 3 days and stained with propidium iodide (PI). Percentage of live and dead cells are labeled. **B**. FACS analysis of MDA-MB-231 HSV1-sr39TK, NTR and HSV1-sr39TK-NTR stable cells treated with a combination of 1 μg GCV and 10 μM CB1954 and assayed for five consecutive days. Percentage of live and dead cells are labeled in each sample panel.
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Optical imaging of metastatic animal model of MDA-MB-231 triple negative breast cancer cells stably expressing HSV1-sr39TK-NTR and treated with a combination of CB1954 and GCV. **A.**Upper panel shows the control nude mice treated with vehicle control imaged over time with D-Luciferin substrate and lower panel shows Fluc imaging of animal group treated with GCV alone. **B**. Upper panel shows the TK-NTR in MDA-MB-231 metastatic tumor in nude mice treated with CB1954 and GCV combination and imaged over time with D-Luciferin substrate. Lower panel shows the optical images of animal treated with CB1954 alone. Metastatic animal models were divided in to two groups (n=3 to 5) and treated with 2 doses of CB1954 + GCV combined and CB1954 alone at different time point. Imaging was done with cooled CCD camera (IVIS Spectrum) daily over a period of 9 days. Graph shows the Fluc signal level of animal group in different days treated with **C**, GCV and **D**, GCV + 1954, The animals treated with vehicle control and CB1954 alone increase in tumor size.
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Therapeutic evaluation of GCV (40 mg/kg) + CB1954 (40 mg/kg) combination in MDA-MB-231 metastatic tumor stably expressing HSV1-sr39TK-NTR in mouse model by optical bioluminescence and µPET/CT imaging. **A.**Upper panel shows the optical images captured with control nude mice group and animals treated with GCV + CB1954, Lower panel shows the 18F-FHBG μPET/CT images acquired in vehicle treated animal group. **B.** PET, CT, and PET-CT fusion images in transverse position at the lung metastatic tumor plane of animal 2 and 3 of control group (C2 and C3), and animal 3 of treatment group (T3). **C.** Optical bioluminescence signal in control animal group measured over time. **D.** Optical bioluminescence signal measured in animal group treated with two doses of a combination of GCV and CB1954. **E.** µPET/CT imaging signal (%ID/g) measured in control and treatment group before and after two doses of combination therapy.
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**A**, Microscopic images of H&E stained HSV1-sr39TK-NTR metastatic tumors in lungs. Bottom panel shows the enlarged view of lung tissue portions of animals treated with GCV+CB1954, vehicle and CB1954 alone. **B**, Microscopic images of TUNEL stained HSV1-sr39TK-NTR metastatic tumor section of lungs. Microscopic images of HSV1-sr39TK-NTR metastatic tumor sections stained with TK-specific antibody and counter-stained with DAPI. Merged images show the intact tumor in control animal and cured tumor tissue in CB1954 + GCV treated animal.
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Primers for RT-PCR.

  Primers     Sequence (5\'-3\')     Primer location in genes
  ----------- ---------------------- --------------------------
  NTR F       TGGTTGTTGACCAGGAAG     290-307
  NTR R       GCGTCAAAACCTTCGATG     506-489
  HSV1-TK F   TACCCGAGCCGATGACTTAC   242-261
  HSV1-TK R   CCGATTAGAGGAGCCAGAAC   431-412

###### 

\[^18^F\]-FHBG uptake in lung tumors pre-and post-treatment with CB1954 + GCV.

  Animal Group             Pre-treatment tumor uptake (%ID/g)   Post-treatment tumor uptake (%ID/g)
  ------------------------ ------------------------------------ -------------------------------------
  Vehicle Treatment        1.18 ± 0.54                          4.25 ± 0.87
  GCV + CB1954 Treatment   2.86 ± 1.15                          0.99 ± 1.21
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